Administration of mesenchymal stem cells (MSCs) is an effective therapy to repair cardiac damage after myocardial infarction (MI) in experimental models. However, the mechanisms of action still need to be elucidated. Our group has recently suggested that MSCs mediate their therapeutic effects primarily via paracrine cytoprotective action. Furthermore, we have shown that MSCs overexpressing Akt1 (Akt-MSCs) exert even greater cytoprotection than unmodified MSCs. So far, little has been reported on the metabolic characteristics of infarcted hearts treated with stem cells. Here, we hypothesize that Akt-MSC administration may influence the metabolic processes involved in cardiac adaptation and repair after MI. MI was performed in rats randomized in four groups: sham group and animals treated with control MSCs, Akt-MSCs, or phosphate-buffered saline (PBS). High energy metabolism and basal 2-deoxy-glucose (2-DG) uptake were evaluated on isolated hearts using phosphorus-31 nuclear magnetic resonance spectroscopy at 72 hours and 2 weeks after MI. Treatment with Akt-MSCs spared phosphocreatine stores and significantly limited the increase in 2-DG uptake in the residual intact myocardium compared with the PBS-or the MSCtreated animals. Furthermore, Akt-MSC-treated hearts had normal pH, whereas low pH was measured in the PBS and MSC groups. Correlative analysis indicated that functional recovery after MI was inversely related to the rate of 2-DG uptake. We conclude that administration of MSCs overexpressing Akt at the time of infarction results in preservation of normal metabolism and pH in the surviving myocardium. STEM CELLS 2009;27:971-979 Disclosure of potential conflicts of interest is found at the end of this article.
INTRODUCTION
Myocardial infarction (MI) in the absence of timely reperfusion leads to significant loss of cardiomyocytes [1, 2] . The reduction of cardiac muscle imposes an increased mechanical load on the remaining viable cardiomyocytes [3] . The capacity of the noninfarcted tissue to undergo structural and metabolic remodeling and to compensate for the loss of cardiac tissue critically determines the subsequent hemodynamic course and the clinical outcome. Even though currently available therapeutic strategies are able to partially counteract the maladaptive remodeling processes and thus ameliorate the clinical prognosis, none of them can reverse the myocardial damage and fully restore the cardiac function to the pre-MI status. As a result, many patients surviving MI develop congestive heart failure and eventually succumb. Consequently, there is the urgency for new and more effective therapies to prevent and/or reverse post-MI ventricular remodeling.
Recently, the possibility of regenerating and/or repairing infarcted myocardium using cell-based therapies has received much attention [4] . One of these strategies uses mesenchymal stem cells (MSCs). Adult bone marrow-derived MSCs are multipotent stem cells that, given their ease of isolation, low immunogenicity, amenability to ex vivo expansion, and genetic modification, are optimal candidates for cardiac cell therapy [5] [6] [7] [8] . Indeed, intramyocardial injection of MSCs has been shown to be an effective strategy to repair post-MI damage in experimental models [7] [8] [9] [10] [11] . The mechanisms by which these cells exert their beneficial effects remain controversial. Several studies have reported evidence of de novo cardiomyogenesis from the donor cells as well as improved vascularization after injection of MSCs [7] [8] [9] [10] [11] . Recently, we and others have suggested that the MSCs mediate their therapeutic effects primarily via paracrine actions [12] [13] [14] . In particular, we demonstrated that MSCs release soluble factors that are cytoprotective [12] . Furthermore, we have shown that MSCs genetically modified to overexpress the survival gene Akt1 (Akt-MSCs) exert an even greater cytoprotective effect than unmodified MSCs in both adult cardiomyocytes challenged with hypoxia and in intact hearts following infarction. In both a mouse and rat model of MI, the salutary effects could be demonstrated within 72 hours, suggesting that AktMSCs promote early survival of ischemic myocytes [15] [16] [17] .
Treating infarcted myocardium with MSCs may also influence metabolic processes involved in cardiac adaptation and repair within the myocytes of the surviving myocardium [18, 19] . So far, little has been reported on the metabolic characteristics of the surviving myocardium of hearts treated with stem cells. A recent study using a pig model of MI [20] has reported that the surviving myocardium of MSC-treated hearts demonstrated a partial improvement (30%) in the ratio of phosphocreatine (PCr), the energy reserve metabolite, to ATP, the energy metabolite required for cell function and viability. An improvement, or alternatively preservation, of this ratio is important because it indicates that the balance between the cost of contraction and ATP supply in the surviving myocardium is closer to normal. It is also known that the surviving myocardium undergoes metabolic remodeling of entire pathways for ATP supply. An early metabolic change that occurs in the surviving myocardium of infarcted hearts is a change in substrate preference away from free fatty acid oxidation toward increased glucose uptake and utilization needed for the synthesis of ATP [18, 19, 21] . It remains unclear whether the metabolic shift toward increased glucose utilization is adaptive or maladaptive [22] . Although high glucose utilization yields increased ATP supply [23] , some have suggested that the accumulation of protons from increased anaerobic glycolysis may exacerbate myocardial injury and depress cardiac function [24, 25] . There are no data available defining the cardioprotective consequences for Akt-modified MSCs on energetics of the surviving myocardium, and there is no information about the effect of modified or unmodified MSCs on metabolic remodeling of the surviving myocardium early post-MI.
Thus, in this study, we tested whether injecting either MSCs or Akt-MSCs in the peri-infarct zone of rat hearts at the time of MI may preserve ATP and PCr levels in the surviving myocardium. We also tested whether the surviving myocardium of hearts protected by supply of Akt-MSCs and MSCs demonstrated metabolic remodeling or whether the cytoprotection was sufficient to protect the surviving myocardium from metabolic remodeling. We assessed metabolic remodeling as glucose (2-deoxy-glucose [2-DG]) uptake rate and pH homeostasis.
[ATP] and [PCr] , intracellular pH and glucose uptake rates were quantified using phosphorus-31 nuclear magnetic resonance ( 31 P NMR) spectroscopy of isolated infarcted rat hearts, which had been injected with saline, control MSCs, or Akt-MSCs 1 hour after coronary artery ligation. To determine whether any difference in metabolic remodeling was associated with myocardial contractile performance, we also measured global left ventricular (LV) contractile function in the same hearts simultaneously with the 31 P NMR experiments. Finally, to determine whether any change was rapid, supporting a mechanism of action of preservation, or occurred only after some time, supporting a mechanism of repair, measurements were made at two time points, 72 hours and 2 weeks post-MI.
METHODS

Mesenchymal Stem Cell Isolation and Retroviral Transduction
We isolated and expanded the MSCs from the bone marrow of adult Sprague-Dawley male rats (Harlan World Headquarters, Indianapolis, Indiana) according to protocols reported previously [26] . After two passages, the cells were transduced with monocistronic or bicistronic murine stem cell retrovirus encoding either the reporter gene green fluorescent protein (MSCs) or both the green fluorescent protein and the Akt1 genes simultaneously (Akt-MSCs). The cells were transduced twice with 10 multiplicity of infection of either virus for 6 hours in the presence of 8 lg/ml polybrene during a 2-day period. The cells were then passed twice before being used for the experiments. 
MI Model
Female Sprague-Dawley rats (180-200 g of body weight) (from Harlan) were used in all studies. Before surgery, the animals were randomized into four groups. Three groups underwent coronary artery ligation; the fourth group served as a surgical sham control. The investigators responsible for surgery, cell injections, isolated heart experiments, and data analysis were blinded to the treatment groups. Ligation of the left ascending coronary artery was performed essentially as previously described [27] . Briefly, the animals were anesthetized by intraperitoneal injection (IP) of a mixture of xylazine (10 mg/kg) and ketamine (80 mg/kg). Under artificial ventilation with air, a left thoracotomy was performed and the left coronary artery was ligated with a silk suture approximately midway between the left atrium and the apex of the heart. Infarction was identified by the presence of ST elevation at the ECG tracing and by blanching of the ischemic myocardium. One hour after MI, 5 Â 10 6 MSCs or Akt-MSCs resuspended into 100 lL of phosphate buffered saline (PBS) were injected in five different sites in the border zone. An equivalent volume of PBS was injected in the control group. Sham animals were operated the same way, except that the ligature was left loose and no injection was performed. All animal procedures were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and the Animal Welfare Act and were approved by the Harvard Standing Committee on Animals.
Isolated Perfused Heart Preparation and Measurement of Contractile Performance
The animals were sacrificed either at 72 hours or 2 weeks after MI. The rats were heparinized (2,850 units/kg, IP) and then euthanized by injection of sodium pentobarbital (100 mg/kg, IP). The hearts were isolated and perfused in the Langendorff mode in a 20-mm glass NMR tube as described [28] . Briefly, the heart was excised, arrested in ice-cold buffer, and connected via the aorta to the perfusion cannula. Retrograde perfusion was carried out at a constant coronary perfusion pressure of 75 mm Hg at 37 C with insulin-free Krebs-Henseleit buffer containing NaCl 118 mM, KCl 5.3 mM, CaCl 2 1.75 mM, MgSO 4 1.2 mM, EDTA 0.5 mM, NaHCO 3 25 mM, pyruvate 5 mM, and glucose 5 mM prepared freshly and equilibrated with 95% O 2 /5% CO 2 , yielding a pH of 7.4. Right ventricular drainage was accomplished by incision of the pulmonary artery. The effluent from the Thebesian veins was drained by a thin polyethylene tube (PE-90) pierced through the apex of the LV. A water-filled balloon was inserted into the LV for recording of ventricular pressures and heart rate. The balloon was inflated to set LV end diastolic pressure (EDP) to $10 mm Hg and the balloon volume was then held constant. Isovolumic contractile performance data were collected online at a sampling rate of 200 Hz using a commercially available data acquisition system (MacLab; AD Instruments, Milford, MA, USA). LV developed pressure (DevP) [the difference between systolic pressure and EDP], the rate-pressure product (product of DevP and heart rate), and minimum and maximum values within a beat of the first derivative of LV pressure (þdP/dt and ÀdP/dt) were calculated off-line. 31 P NMR spectroscopy. The isolated perfused rat hearts were placed in a 20-mm NMR sample tube and inserted into a 1 H/ 31 P double-tuned probe situated in an 89-cm bore 9.4-Tesla superconducting magnet. 31 P NMR spectra were collected without proton decoupling at a pulse width of 15 microseconds, pulse angle of 60 , recycle time of 2.3 seconds, and sweep width of 6,000 Hz using a GE-400 wide-bore spectrometer (Omega, General Electric, Fremont, California, USA). Single spectra were collected during 4-minute periods and consisted of data averaged from 104 free induction decays. 31 P NMR spectra were analyzed using 20-Hz exponential multiplication and zero and first-order phase corrections.
The resonance areas corresponding to ATP, PCr, and Pi were fitted to Lorentzian function and calculated using a commercially available program (NMR1 software, New Methods Research, Syracuse, New York, USA) [29] and corrected for saturation [ATP (1.0), PCr (1.2), Pi (1.15), and 2-DG-P(1.35, see below)]. To determine the cytosolic concentration of these metabolites, the absolute resonance areas corresponding to the [c-P]ATP, PCr, and Pi in the 31 P NMR spectra were normalized by heart weight. Since the protein concentrations, determined according to the Lowry method (see below), were similar among the different groups (sham, 0.185 AE 0.009; PBS, 0.188 AE 0.007; MSC, 0.188 AE 0.003; and Akt-MSC, 0.175 AE 0.009 mg/mg wet weight), we made the assumption that the fractional volumes of intracellular water in the myocytes of all the hearts analyzed were similar and equal to values typical of well-perfused rodent hearts (0.48 ll/mg wet wt) [30] . The mean of [c-P]ATP peak areas of the 31 P NMR spectrum for sham hearts obtained during baseline perfusion period was set to 10 mM [31] . Changes in [ATP], [PCr] , and [Pi] during the protocols were calculated by multiplying the ratio of their resonance peak areas to the mean of the [c-P]ATP peak areas from the initial baseline spectrum by 10 mM. Intracellular pH was determined by comparing the chemical shift of the Pi peak and relative position of PCr in each spectrum to values from a standard curve.
Changes in [ATP] and its metabolites can be described by a single number, the free energy released from ATP hydrolysis (DG $ATP ). It is calculated as: [ADP] was calculated from the creatine kinase equilibrium expression as described [33] . Because DG $ATP is a negative number, we describe changes in DG $ATP in absolute values, denoted as |DG $ATP |.
Measurement of 2-DG Uptake Rate
Glucose uptake rate was also measured by 31 P NMR as described [23, 34] . Hearts were perfused with an insulin-free buffer in which 5 mM 2-DG replaced 5 mM glucose. Upon entering the cell, 2-DG is phosphorylated by hexokinase to 2-DG phosphate (2-DG-P), which produces an easily detectable peak in 31 P NMR spectra. The area of this peak is proportional to the amount of 2-DG-P accumulated and was calculated using the same software that we used to determine the other NMR-observable metabolite concentrations. Even though the phosphorylation of 2-DG leads to decreases in [PCr] and [ATP], our perfusion protocol was designed to ensure the linearity of 2-DG-P accumulation with time [23, 24] .
Measurement of the Infarcted Tissue and Chamber Weights
At the end of each of these experiments the hearts were removed from the perfusion apparatus, immerged in ice-cold PBS, and dissected under a stereomicroscope. The infarcted tissue, identified visually by its pallor when compared with the pink-red color of the viable myocardium, was separated by the viable LV, blotted and weighed using an electronic scale. The remaining viable LV, the right ventricle and both atria were blotted and weighed. The tissue was then immediately frozen in liquid nitrogen and stored at À80
C for subsequent biochemical assays.
Biochemical Assays
Approximately 50 mg of ventricular tissue were homogenized for 10 seconds at 4 C in potassium phosphate buffer containing 1 mM EDTA and 1 mM b-mercaptoethanol at pH 7.4 (final concentration of 5 mg wet wt/ml À1 ). Aliquots were used for protein quantification assay and for total creatine content measurement [35] . All reagents were purchased from Sigma Chemical Co. (St. Louis, Missouri, USA, http://www.sigmaaldrich.com).
Statistical Analysis
All results are reported as mean AE SE and the data were analyzed with a one-way or two-way analysis of variance followed by Bonferroni all pair-wise multiple comparison test. Probability (p) values less than 0.05 were considered statistically significant.
RESULTS
The MSCs were separated from the hematopoietic cells based on their preferential attachment to polystyrene surface and their identity was verified testing specific cell surface markers (data not shown) [26] . The efficiency of the retroviral transduction was $90% for both viruses (data not shown), as previously reported [26] .
Infarct Weights and Cardiac Performance
We have previously reported that injecting Akt-MSCs into the peri-infarct region at the time of occlusion preserved more myocardium than untreated MSCs, resulting in smaller infarct size and better contractile performance of the remaining viable myocardium, both in rats and in mice [12, 15, 16] . The hearts studied here displayed the same pattern, making them suitable for studying the surviving myocardium. In this study, we grossly estimated cardiac damage by weighing infarcted tissue at both 72 hours and 2 weeks after MI ( Table 1) . The results showed that Akt-MSC treatment significantly limited the amount of damaged myocardium and confirmed our previous results on infarct size as determined by histological analysis of paraffin-embedded and freshly stained heart sections [12, 15, 16, 26] . Most importantly, administration of AktMSCs was accompanied by better parameters of both systolic and diastolic performance ( Table 2) . At 72 hours postinfarction, DevP in the Akt-MSC hearts was 43% higher compared with the untreated infarct hearts (p < .05) and 26% higher relative to the MSC-treated hearts (p < .05). In Akt-MSC hearts þdP/dt was higher compared with both the untreated (þ46%, p < .05) and the MSC (þ39%, p < .05) treated infarcted hearts. The -dP/dt in the Akt-MSC injected hearts was 53% and 50% higher than in the untreated (p < .05) and the MSC (p < .05) treated infarcted hearts, respectively. These differences persisted for at least 2 weeks. Remarkably, for Akt-MSC hearts, systolic performance was only 12% (72 hours) to 17% (2 weeks) lower compared with sham-operated hearts, whereas diastolic performance remained normal. In contrast, for unmodified MSC-treated and untreated infarcted hearts, markers of both systolic and diastolic performance were significantly lower than for sham-operated hearts.
Myocardial High-Energy Phosphate Content
To test whether the energetics of the surviving myocardium was preserved in Akt-MSC-treated hearts, we measured the concentrations of the high energy phosphate metabolites, ATP, PCr, and Pi, and calculated the free energy of ATP hydrolysis, DG $ATP , for hearts isolated both at 72 hours and 2 weeks postinfarction ( Fig. 1 and Table 3 ). As the representative 31 P NMR spectra demonstrate (Fig. 1 ), no differences in Figure 2 shows values for intracellular pH in the surviving myocardium measured at 72 hours ( Fig. 2A ) and 2 weeks (Fig. 2B) following MI. Although the decreases are small, pH in both the untreated and the MSC-treated hearts was significantly decreased at 72 hours compared with the sham (p < .05). In contrast, pH did not decrease in the Akt-MSC-treated hearts. The decrease in pH in the untreated and control MSCtreated hearts persisted at 2 weeks after MI, whereas in the Akt-MSC hearts the pH remained normal.
Intracellular PH
Glucose Uptake
To determine whether the surviving myocardium demonstrated evidence of metabolic remodeling by increasing basal glucose uptake, we measured insulin-independent 2-DG Table 3 . Energetics in sham, untreated (PBS), control MSC-treated, and Akt-MSC-treated animals at 72 hours and 2 weeks after myocardial infarction
72 hours ATP (mM) 10.0 AE 0.7 9.9 AE 0.7 9.6 AE 0. uptake rates in all four groups at both 72-hour (Fig. 3A ) and 2 weeks (Fig. 3B) post-MI. At 72 hours, 2-DG uptake was increased in both the untreated and MSC-treated hearts compared with the sham-operated hearts (þ43% and þ36%, respectively, p < .05). The 2-DG glucose uptake was also increased in the Akt-MSC-treated hearts (þ14% vs. sham, p < .05), but the uptake rate was significantly lower than in both untreated and MSC-treated hearts (p < .05). Two weeks after MI, the 2-DG uptake rate remained elevated in the untreated hearts (þ49% vs. sham; p < .05), fell by $half after administration of MSC (þ18% vs. sham; p < .05) and returned to normal levels in the Akt-MSC-treated hearts. We found a strong positive correlation (r ¼ 72) between the rate of glucose uptake and infarct weight (Fig. 3C ) and a strong negative correlation (r ¼ 89) between 2-DG uptake and LV developed pressure (Fig. 3D) .
Enzyme Activities in the Viable Cardiac Tissue
We measured the activity of the major glycolytic and mitochondrial oxidative enzymes in the viable myocardium of the various groups at 2 weeks after infarction (Table 4) . No significant differences were found among groups in the content of glycolytic enzymes glyceraldehyde phosphate dehydrogenase, phosphofructokinase or lactate dehydrogenase, or the content of oxidative enzymes citrate synthase and cytochrome oxidase. The activity of creatine kinase, the cytosolic enzyme Figure 3 . Baseline 2-DG uptake rate. (A): 72 hours after myocardial infarction, the 2-DG uptake rate was significantly increased in untreated (PBS) and control MSC-treated animals; also in the Akt-MSC group the 2-DG uptake rate was increased compared with the sham group, but it was significantly lower than in the PBS and MSC groups. (B): At 2 weeks, the 2-DG uptake rate was normalized in the Akt-MSC-treated hearts, whereas it was still significantly higher in both the PBS and MSC groups when compared with the sham. Statistics: *, p < .05 versus sham; §, p < .05 versus PBS group; #, p < .05 versus control MSC group. (C): Scatterplot showing direct correlation between 2-DG uptake rate and wet weight of the infarcted tissue. (D): The LV developed pressure was plotted against 2-DG uptake and the result was a significant inverse correlation. Abbreviations: Akt-MSC, MSCs overexpressing Akt1; 2-DG, 2-deoxy-glucose; LV, left ventricular; MSC, mesenchymal stem cells; PBS, phosphate-buffered saline. required for PCr generation, also did not differ significantly between the four groups ( Table 4) .
DISCUSSION
We have reported that transplanting MSCs to the peri-infarct region promotes early survival of ischemic myocytes and that MSCs overexpressing the survival gene Akt1 exert even greater cytoprotection [12, 15, 26] . In this study, we tested whether the surviving myocardium of hearts protected by supply of MSCs and Akt-MSCs demonstrate metabolic remodeling characteristic of surviving myocardium postinfarction or whether the cytoprotection is sufficient to protect the surviving myocardium from metabolic remodeling. Three important aspects of cardiac metabolism were measured: high-energy phosphate content, intracellular pH, and insulinindependent glucose uptake rates. To determine whether any change after MSC treatment was rapid, supporting a mechanism of action of preservation, or required time to develop, supporting a mechanism of repair, measurements were made at 72 hours and 2 weeks. We found that the surviving myocardium of hearts treated with Akt-MSCs had normal highenergy phosphate content and normal pH at 72 hours postinfarction and that the small increase in basal glucose (assessed as 2-DG) uptake rate observed at 72 hours normalized by 2 weeks postinfarction. In contrast, hearts treated with control MSCs demonstrated a transient decrease in [PCr] , a small but persistent fall in pH and persistent increase in glucose (as 2-DG) uptake rate similar to untreated infarcted hearts. These results suggest that transplanting MSCs overexpressing Akt at the time of infarction leads to preservation of normal metabolism in the surviving myocardium.
The Untreated Infarcted Hearts
Metabolic abnormalities are a hallmark of MI [18, 19, 24, [36] [37] [38] . In the ischemic myocardium, ATP utilization exceeds ATP synthesis rates; as a consequence, [PCr] rapidly falls, followed by loss of [ATP] [21] . For myocytes that go on to infarction either by apoptosis and/or necrosis, neither PCr nor ATP recover [24] . For cardiomyocytes that recover from ischemia, PCr and ATP are rapidly resynthesized; the extent of recovery depends on the duration and magnitude of the lowflow state [39, 40] . The increased mechanical load in the surviving myocardium caused by loss of myocytes also leads to molecular remodeling that is characterized by an upregulation of ATP-synthesizing pathways and downregulation in ATPconsuming pathways. Increased glucose uptake is one early measure of this remodeling [21, 22, 41, 42] . This remodeling is thought to be mediated in part by AMP-dependent protein kinase, activated by elevated levels of AMP secondary to a lower ratio of PCr to creatine [43] . Thus, the transient decrease in [PCr] with normal [ATP] and unchanged [total creatine] observed here for the surviving myocardium in untreated infarcted hearts indicates a mismatch in ATP supply and demand at 72 hours that normalizes by 2 weeks postinfarction [24, [36] [37] [38] . The increase in glucose uptake and decrease in intracellular pH (see below) for the untreated infarcted hearts was observed as early as 72 hours post-MI and persisted at 2 weeks following MI, indicative of metabolic remodeling.
The Control MSC-Treated Infarcted Hearts
A recent report characterizing the border zone of the surviving myocardium of a swine model of MI treated with unmodified bone-marrow derived stem cells can be compared with our results for control MSC-treated infarcted rat hearts [20] . Four weeks following permanent occlusion in the pig heart, PCr/ATP in the border zone of the infarct fell from normal values of 2.0 to 1.2; absolute values of PCr and ATP were not measured. Hearts treated with stem cells demonstrated partial improvements in PCr/ATP (from 1.2 to 1.5), regional contractile performance, and global LV ejection fraction; infarct sizes in untreated (13% by area) and treated (10%-11%) hearts were similar. We also observed an improvement in PCr/ATP between 72 hours and 2 weeks post-MI in surviving myocardium of MSC-treated rat hearts, from 1.5 to 1.9. However, we observed the same improvement in untreated infarcted hearts, suggesting that the change in PCr/ATP in MSC-treated hearts was not mediated by MSCs. MSC-specific effect on post-MI rat hearts was a partial recovery of glucose uptake rate at 2 weeks post-MI (p < .05), whereas neither systolic nor diastolic performance improved.
The Akt-MSC-Treated Infarcted Hearts
In contrast to hearts injected with unmodified MSCs, the surviving myocardium of hearts treated at the time of infarction with Akt-MSCs had normal [PCr] and [ATP] as early as 72 hours post-MI. In addition, intracellular pH remained normal and glucose uptake rate was only transiently elevated. Even by 72 hours, systolic contractile performance was only minimally affected and diastolic performance was preserved. This metabolic and functional profile is consistent with protection, rather than repair, of ischemic myocytes by mechanisms operating within the first few hours of Akt-MSC supply. The damage occurring after coronary occlusion is a dynamic process and after the initial loss of cardiomyocytes in the ischemic region in the first few hours after MI, the infarcted area expands, largely due to apoptosis of cells at the infarct border [44, 45] . Thus, early interventions capable of arresting apoptosis in the infarct border zone would be expected to limit [26] . The higher number of Akt-MSC engrafted might account for their pronounced effect on cardiac metabolism compared with the control MSCs. Furthermore, Akt can also increase the production and/or release of secreted factors by the MSCs [15, 17] that would explain, in addition to the higher number of cells engrafted, the differences between control MSCs and Akt-MSCs if the main mechanism mediating the metabolic effects was through paracrine factors. For example, we have shown [15] that the production of insulin growth factor-1 and vascular endothelial growth factor is increased in MSCs overexpressing Akt and both these factors have been described to influence cardiac metabolism [51, 52] .
pH
The finding that intracellular pH was lower in surviving myocardium of untreated and control MSC-treated hearts, but not of Akt-MSC-treated hearts, at both 72 hours and 2 weeks post-MI was unexpected. Using the same noninvasive method to determine intracellular pH used here, it has been shown that recovery of intracellular pH in surviving myocardium following even long durations of ischemia is rapid and complete, within 4 minutes [39] . Furthermore, normal pH values have been reported for surviving myocardium in a rat model 8 weeks post-MI [24] . It is possible that differences as small as that observed here, $0.1 units, could have been missed. Indeed, pH during reperfusion following 60 minutes of total ischemia in the ferret heart tended to fall by this amount, but did not reach statistical significance [39] . The differences in pH observed here are in the range of pH values shown to increase apoptosis [53] and to negatively influence cardiac contractility [54] . It is noteworthy that the pH in the viable myocardium of Akt-MSC treatment was normal, and that apoptosis was lower and contractile performance higher in these hearts compared with untreated and MSC-treated hearts [12, 15] . Possible mechanisms that could lead to acidosis of the surviving myocardium of untreated and MSC-treated hearts are many and include increased ATP turnover (consistent with lower [PCr]), increased anaerobic metabolism (consistent with higher glucose uptake rates), and altered Na þ /H þ exchange. In summary, in this study, we show that intramyocardial injection of Akt-MSCs maintains normal metabolism in the surviving myocardium for up to 2 weeks post-MI. The effects on cardiac metabolism are demonstrated by the sparing of PCr, a highly labile metabolite; by maintaining normal rate of glucose (as 2-DG) uptake; and by maintaining normal cytosolic pH. In contrast, injecting control MSCs failed to protect the surviving myocardium in these ways. We conclude that administration of Akt-MSCs prevents cardiac metabolic remodeling after MI. To our knowledge, this is the first time that transplanted Akt-MSCs have been reported to exert positive effects on cardiac metabolism after MI. Our results are also of value in the general context of cardiac metabolism studies since this is the first time that high energy phosphate compounds and 2-DG uptake rate of infarcted rat hearts have been evaluated early following permanent occlusion. Finally, our findings are also important from a clinical perspective. We suggest that cardiac metabolism, which can be investigated in humans using noninvasive methods, may serve as an end-point in clinical trials testing stem cell therapy treatment of MI.
